The nodulation programme is regulated systemically in leguminous hosts. This mechanism is referred to as the autoregulation of nodulation. Recently, a gene involved in the regulation has been isolated from the model legume Lotus japonicus (HAR1), soybean (NTS1/GmNARK) and pea (PsSYM29) that encode a receptorlike kinase, similar to the well-characterized Arabidopsis CLAVATA1. Here we report the sequencing and expression analysis of the NTS1/GmNARK gene and its homolog GmCLV1A in a soybean supernodulating cultivar, Sakukei 4, which shows a high yielding ability, especially in fields with low nitrogen fertility. Sequencing of the NTS1/GmNARK gene showed that Sakukei 4 has a nonsense mutation (AAA to TAA) near the transmembrane domain as well as En6500 that is the paternal donor parent of Sakukei 4. This mutation is involved in the supernodulating phenotype in both lines En6500 and Sakukei 4. There were no mutations in the GmCLV1A gene, including a single intron between the wild-type, Enrei and both supernodulating lines. Transcripts of both genes were detected in rhizobium-inoculated or non-inoculated cotyledons (7 day-old), primary leaves (14 day-old), leaves (21 day-old) and leaves (14 days after inoculation) by non-quantitative RT-PCR analysis. In the nodules and leaf buds, including the shoot apical meristem where CLAVATA1 is expressed in Arabidopsis, both transcripts were also detected. We observed that NTS1/GmNARK and its homolog GmCLV1A are transcribed constitutively in all the organs we examined, regardless of the presence of symbiosis, stage of growth and normal or mutant status. It is concluded that may be necessary for a leguminous host to initiate the autoregulation system immediately after germination.
Introduction
Symbiotic balance between leguminous plants and rhizobia is regulated systemically in hosts (Kosslak and Bohlool 1984, Gresshoff and Caetano-Anolles 1992) . The plant in which this systemic regulation does not function well displays a supernodulating phenotype and such mutant lines have been identified in several legumes (Carrol1 et al. 1985 , Gremaud and Harper 1989 , Akao and Kouchi 1992 , Sagan and Duc 1996 , Szczyglowski et al. 1998 , Penmetsa et al. 2003 . Recently, the genes from the model legume Lotus japonicus (HAR1), soybean (NTS1/ GmNARK) and pea (PsSYM29) that are responsible for the regulation have been isolated (Krusell et al. 2002 , Nishimura et al. 2002 , Searle et al. 2003 at almost the same time. They encode a putative serine/threonin receptor-like kinase (RLK), similar to the well-characterized Arabidopsis CLAVATA1 (CLV1) (Clark et al. 1997 ).
CLV1 interacts with CLV2, forming a complex that recognizes the signalling peptide (DeYoung and Clark 2001) . The complex is involved in regulating the cell fate in the shoot and floral apical meristems through cell-cell communication. In legumes, RLK bearing a close resemblance to CLV1 regulates nodule development systemically, by organ-organ communication. For the control of the nodule number, it is assumed that an infection signal of rhizobia produced by nodule or nodule primordia is detected in shoots, resulting in the production of the autoregulation signal derived from shoots that suppresses the development of new nodules. In the supernodulating mutant, this systemic feedback regulatory system is defective (Krusell et al. 2002 , Nishimura et al. 2002 , Searle et al. 2003 .
The supernodulating mutations exert adverse effects on plant growth in general because of the burden of excess symbiosis that may result in parasitism rather than in symbiosis. A soybean supernodulating cultivar, Sakukei 4, selected from a cross between wild-type Enrei and its supernodulating mutant line, En6500, does not display an unfavourable phenotype in terms of plant growth and shows a high yield in fields with a low amount of available nitrogen, as in the case of no-tillage cultivation and dense planting, owing to the increased symbiotic nitrogen fixation through the later stages of growth (Takahashi et al. 2003) . Nitrogen requirement for seed production of soybean is extremely high. The high rates of nitrogen uptake required by the seeds lead to a rapid translocation of nitrogen from the vegetative plant parts (Sinclair and de Wit 1975) . This self-destructive characteristic eventually limits seed yield.
In the present paper, we identified the region of NTS1/ GmNARK responsible for the supernodulating phenotype in Sakukei 4 and carried out an expression analysis of NTS1/ GmNARK and its homolog, GmCLV1A to elucidate the timing of transcription at each stage of growth.
Materials and Methods

Plant materials
A supernodulating cultivar of soybean (Glycine max), Sakukei 4 derived from a cross between Enrei and En6500 was used in the present study. The original variety, Enrei, and En6500, a supernodulating mutant derived from Enrei (Akao and Kouchi 1992) were used as controls. Root and nodulation phenotypes of Enrei, En6500 and Sakukei 4 are shown in Figure 1 . Plants were grown in a greenhouse, and leaves were used for DNA isolation, while cotyledons (7 day-old), primary leaves (14 day-old), leaves (21 day-old), leaf buds and nodules (28 days after inoculation, 28 DAI) were used for RNA isolation. Inoculation with a suspension of Bradyrhizobium japonicum strains A1017 and USDA110 (each 1 × 10 8 cells/ml) was carried out twice on the first and third day after sowing. For the 14 DAI-leaves, the inoculation was performed twice on the 21st and 23rd day after sowing. Fourteen days after the inoculation (14 DAI), the leaves were collected for RNA sampling. Both strains were kindly given by Dr. Shoichiro Akao (Miyazaki University, Japan).
Sequencing and dCAPS analysis
Total DNAs from leaves were isolated by the modified CTAB method (Murray and Thompson 1980) . Sequence analysis of NTS1/GmNARK was performed according to the method of Nishimura et al. (2002) . We designed dCAPS (derived cleaved amplified polymorphic sequence) primer pair with reference to the sequences of NTS1/GmNARK in Enrei and En6500 for the detection of SNP (single nucleotide polymorphism) (Forward: 5′-GTCTCACCACATTGGATC-3′, Reverse: 5′-GGTTCCCTGCAAAGGAGT-3′). The PCR conditions were as follows: 1.5 min at 94°C, followed by 30 cycles of 30 sec at 94°C, 30 sec at 55°C, 1 min at 72°C. Amplified fragments were digested with Sca I restriction enzyme and separated by 2.5% agarose gel electrophoresis. Then visualization was carried out by staining with ethidium bromide.
Non-quantitative RT-PCR analysis
Total RNAs were extracted from non-inoculated or inoculated cotyledons (7 day-old), primary leaves (14 day-old), leaves (21 day-old) and from leaves (14 DAI) using the SDSphenol method (Hattori et al. 1983) , and from leaf buds and nodules (28 DAI) using RNeasy Plant Mini Kit (QIAGEN). The reverse transcription was carried out using the SUPER-SCRIPT TM Preamplification System (Invitrogen). The conditions of reverse transcription were 10 min at 65°C, 1h at 42°C and 5 min at 95°C. The reverse transcription products were used for PCR template. Gene-specific primer combination for NTS1/GmNARK was Fw: 5′-GCTGGATGGGGACT TGGAGGCC-3′ and Rv: 5′-GGGGGAAAATCCTTCGAA TTACTTG-3′, and for GmCLV1A, it was Fw: 5′-TATTGCT CGATGCTCACTTTGAGGCT-3′ and Rv: 5′-AGAAGAAA CAGTACCAGTCACAAATATT-3′. The PCR conditions were as follows: 1 min at 94°C, followed by 35 cycles of 30 sec at 94°C, 30 sec at 65°C, 1 min at 72°C, and final elongation step at 72°C for 10 min. As a control, PCR was performed using the ACTIN gene-specific primer set (Fw: 5′-AGACCTTCAATGTGCCTGCCATG-3′ and Rv: 5′-GCTC AGCAGAGGTGGTGAACATG-3′). These gene-specific primers were designed on both sides of the intron to discriminate the transcripts from genomic PCR products by the size. Moreover, to detect the contamination of RNA templates with genomic DNA, we performed PCR in omitting the reverse transcription step (RT-). Each PCR product was analyzed by electrophoresis on a 1.2% agarose gel stained with ethidium bromide.
Results
Sequence analysis and detection of SNP in NTS1/GmNARK by dCAPS technique
The NTS1/GmNARK and GmCLV1A genes encoded an RLK that consisted of an extracellular leucine-rich repeat domain (LRR domain), a transmembrane domain (TM) and an intracellular serine/threonine kinase domain (Ser/Thr kinase) (Fig. 2) . The amino acid identity of the LRR domain and serin/threonin kinase domain between NTS1/GmNARK and GmCLV1A was 91.1% and 95.3%, respectively. The position of a single intron in the kinase domain was conserved in both genes. The size of the intron was 465 bp for NTS1/ GmNARK and 74 bp for GmCLV1A. Sequencing of the NTS1/GmNARK gene showed that Sakukei 4, the En6500-derived supernodulating cultivar, had a stop codon (AAA to TAA) at the same position near the transmembrane domain as En6500 (Fig. 2) . To confirm the sequencing analysis results, we detected SNP (single nucleotide polymorphism) in the DNA sequence of the NTS1/GmNARK gene by the dCAPS technique. Since the SNP was not involved in restriction sites of any enzymes, a dCAPS primer was designed to create a Sca I site (AGTACT), including one mismatch, instead of AGTAAT. The molecular size of the amplified products was 99 bp. After the PCR, these products were digested with Sca I. The wild-type allele was not cleaved but the mutant alleles were cleaved to 81 bp and 18 bp restriction fragments. These types were clearly identified by the difference in molecular size (Fig. 3) . The results of dCAPS analysis were consistent with the sequence analysis data. There were no sequence differences in GmCLV1A, including a single intron between the wild-type and both supernodulating lines (data not shown). The evolutionary relatedness of the receptor-like kinases involved in the autoregulation of nodulation is shown in Figure 4 .
Expression analysis of NTS1/GmNARK gene by nonquantitative RT-PCR
Non-quantitative RT-PCR was carried out using the gene-specific primer sets of NTS1/GmNARK, GmCLV1A and ACTIN. The size of each transcript was 696 bp, 710 bp and 243 bp, respectively. NTS1/GmNARK was expressed in the cotyledons (7 day-old), primary leaves (14 day-old), leaves (21 day-old) and leaf buds, including the shoot apical After the PCR, these products were digested by Sca I. The wild-type allele was not digested while the mutant alleles were digested to 81 bp and 18 bp (invisible band) restriction fragments.
Fig. 4.
Comparison of members of the protein family of receptor-like kinase for systemic regulation of the symbiosis in legumes. CLAVATA1 (GenBank/EMBL/DDBJ accession number U96879) in Arabidopsis is a well-characterized negative regulator of cell proliferation in the shoot apical meristem through cell-cell communication. The systemic regulator proteins in legumes (indicated in boxes) are highly homologous to CLAVATA1. GmCLV1A (GenBank/EMBL/DDBJ accession number AF197946) which showed a strong homology to NTS1/GmNARK (GenBank/EMBL/DDBJ accession number AB092811) is a putative duplicated copy of it. The phylogenetic tree was constructed by the neighbor-joining method using the ClustalW program based on the full-length deduced amino acid sequences. The bootstrap values are shown at the nodes with 100 replications. meristem unrelated to inoculation (Fig. 5) . We obtained the same results in 14 DAI-leaves (Fig. 5A ) and in the nodules (Fig. 5B) . Transcript of GmCLV1A was also detected at all the stages and in all the organs examined (Fig. 5) . Therefore both genes were transcribed constitutively in all the organs examined, regardless of the presence of symbiosis, stage of growth, and normal or mutant status. To confirm the absence of contamination with DNA, we performed PCR analysis without reverse transcriptase (RT-). These results indicated that the RNA templates were not contaminated with DNA (Fig. 5) .
Discussion
We characterized the NTS1/GmNARK and GmCLV1A genes in the symbiotic mutant cultivar Sakukei 4. Sakukei 4 formed several times as many as or more nodules than the wild-type, Enrei, and, the nitrogen fixation potential (acetylene reduction activity per plant) was significantly higher than that of Enrei throughout the growing season (Takahashi et al. 2003) . The most striking feature of Sakukei 4 is a high yielding ability in fields with a low amount of available nitrogen, in addition to the supernodulating phenotype.
We identified the mutated DNA regions of the NTS1/ GmNARK gene in Sakukei 4, using sequence analysis and the dCAPS technique. En6500, the donor parent of Sakukei 4, showed a nonsense mutation (lysine (AAA) to (TAA)) near the transmembrane domain (Nishimura et al. 2002) . Our results indicated that Sakukei 4 harboured a stop codon at the same position as that in En6500 (Fig. 2 and Fig. 3 ) and that the allele was inherited from En6500, completely. Therefore we considered that the supernodulating phenotype in Sakukei 4 was caused by the mutation of the NTS1/ GmNARK gene as in the case of En6500.
We conducted an expression analysis of NTS1/ GmNARK using non-quantitative RT-PCR, and found that the gene was expressed in the cotyledons (7 day-old), primary leaves (14 day-old), leaves (21 day-old) and leaves (14 DAI) (Fig. 5A) . Since NTS1/GmNARK is expressed in the cotyledons of a 7 day-old plant, it may thus be necessary for the leguminous host to initiate the regulation system for nodule development immediately after germination, alternatively, the regulation system may be required for normal development of lateral roots. The same experiment using nodules and leaf buds also revealed the expression of NTS1/ GmNARK (Fig. 5B) . Moreover, we analysed the relationship between the infection with rhizobia and the expression of NTS1/GmNARK. The results showed that the NTS1/ GmNARK expression was unrelated to the infection (Fig. 5A) . It was concluded that the NTS1/GmNARK expression is controlled by the host plant and not by rhizobium infection. Timing of the expression was the same in both wild-type and supernodulating lines. NTS1/GmNARK shares a sequence similarity and a single intron position with the well-characterized CLAVATA1 (CLV1) receptor kinase gene of A. thaliana (Fig. 4) . The CLV1 kinase negatively regulates the formation of the shoot and floral meristems through cell-cell communication (DeYoung and Clark 2001) , and the clv1 mutant exhibits fasciated phenotype. The shoot apex was not altered in En6500 and Sakukei 4, despite the close structural relationship between NTS1/GmNARK and CLV1. The expression of NTS1/GmNARK was detected not only in the leaf buds including the shoot apical meristem but also in other organs (Fig. 5) , suggesting that the functional ortholog of CLV1 was different from NTS1/GmNARK. Furthermore, this implied that the principal regulatory gene that organizes shoot and floral meristems might be recruited for systemic regulation of nodule development in the course of evolution. Thus the CLV1 ortholog of soybean, if present, may differ in the primary structure compared with the NTS1/GmNARK gene.
In contrast to CLV1, which is present as a single copy in Arabidopsis, NTS1/GmNARK in soybean is highly homologous to a duplicated gene called GmCLV1A. NTS1/ GmNARK and GmCLV1A were previously investigated in a study on stem fasciation. The results showed that these genes were not responsible for the soybean fasciation mutant phenotype (Yamamoto et al. 2000) . The GmCLV1A gene differs from NTS1/GmNARK only by ~10% at the nucleotide level, but an extensive sequence divergence in the 3′-untranslated regions (UTRs) allowed the gene-specific amplification. As a result, we analysed the GmCLV1A sequence by comparing the wild-type Enrei and the supernodulating lines, En6500 and Sakukei 4. Differentiation in the nucleotide sequences of GmCLV1A between them, including the intron was not detected (data not shown), and we found that GmCLV1A was expressed at all the stages and in all the organs examined (Fig. 5) . Although we could not elucidate the function of GmCLV1A, it is suggested that GmCLV1A may not be the CLV1 ortholog of soybean.
In spite of the supernodulating phenotype, Sakukei 4 exhibited a high yielding ability in fields with low nitrogen fertility due to the high nitrogen fixation potential during the later stage of growth. This character was unusual and different from that of other supernodulating legumes. The occurrence of natural crossing during the breeding process of Sakukei 4 was detected by parentage analysis using soybean SSR (simple sequence repeat) markers (Yamamoto et al. 2004) . Yielding ability of the accidental pollen parent, Tamahomare, was higher than that of Enrei, the recurrent parent of Sakukei 4. We assumed that the character of the parent is one of the major factors contributing to the yielding ability in Sakukei 4. Sakukei 4 seems to have overcome selfdestructive characteristics and could become an invaluable source for soybean breeding programs for high yield in fields in the case of no-tillage cultivation and dense planting.
